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The Cutler-Hammer plant in Bowling Green, Kentucky,manufactures
laminated steel armatures for electrical starters (large relays) on
which corrosion occurs only in some regions.

The manufacturing process

includes a heat treatment step from which the laminations emerge with
a non-uniform surface appearance.
Laminations from corroded regions of an armature have red oxide
(Fe 0 ) on the edges, while the sides have a black coating of partly2 3
burned cutting-machine oil residue.

The purpose of the project was to

investigate the mechanisms of this corrosion and why it does not occur
uniformly and to suggest practical solutions for the plant.
Emission spectroscopy revealed no great differences in the content
of minor constituents, although some elements (Li and Mg) were present
in traces only in the surface of corroded samples.
X-ray crystallography indicated that the surface of uncorroded strips
has a more complex structure than that of corroded strips.

Both samples

showed diffraction lines that agreed with standard values for body-centered
cubic iron.

For the uncorroded sample, X-ray diffraction also showed

protective Fe C, Si0 and other unidentified compounds coating the surface.
3
2'
In dilute acid the black coating soaked loose from corroded regions
and corrosion occurred uniformly over the side surfaces.
laminations were somewhat more resistant.
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Uncorroded

In controlled heat treatment experiments oxygen in the oven
atmosphere carried out direct chemical attack on unprocessed lamination
surfaces to form iron oxides.
maximum for 900°F, 60 minutes.

Formation of red oxide (Fe203) was at a
At 1100°F, 60 minutes, the laminations

tended to form black oxide (Fe 0 ) which is more resistant to further
3 4
corrosion.
These results suggest that the direct attack of oxygen may begin
during the heat treatment in the manufacturing process.

If an oven-

corroded lamination is riveted beside an uncorroded lamination in an
armature, a cell may be set up and further corrosion may occur electrochemically.
As possible remedies, the plant may use lower temperature and
longer time, use a reducing atmosphere oven, or replace the heat
treatment with a solvent process.

vii

T. STATEMENT OF PROBLEM

The Cutler-Hammer plant in Bowling nreen manufactures laminated
steel armatures for electrical starters (large relays) upon which
corrosion occurs only in some regions and not in others (Figures 1 and 2).
The partly-corroded face is composed of edges of lamination strips which
have been riveted together during the manufacturing process.

As seen in

Figure 3, the corroded lamination strips have red oxide only on the edges,
while the sides have a black coating.

The uncorroded laminations have

dark edges, while the sides are grey in color.

The corrosion on the

corroded laminations seems to be more intense in areas near to neighboring
The purpose of this project was to

uncorroded laminations (Figure 2a).

investigate the mechanisms of this corrosion and why it does not occur
uniformly and to suggest practical solutions for the plant.

1

2

Figures 1 and 2.

A partially-corroded baked armature

taken from the Cutler-Hammer production line after
riveting of laminations.

Figure 1.

Drawing.
a

Symbols:

Side of end lamination

b and c

Composite face consisting of
edges of laminations

Areas marked "c" are indented with respect to those
marked "b," which would receive a chrome coating at
the end of the manufacturing process.
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Figure 2.

Color photographs (CIBA-Chrome process from

Ektachrome slides) of a partially corroded baked armature
(see Figure 1 for labeled drawing)

a.

Top view.

Zones of corroded and uncorroded lamination

edges are apparent.

Note the deeper color indicating

more intense corrosion of the boundaries.

b.

Bottom view.

Zones of corrosion also can be seen.
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Figure 3.

Group of laminations from a partially-corroded

finished armature (compare with Figures 1 and 2).

Rivets

were removed and most of the laminations separated from
this group.

The lamination side that shows (bottom of

photograph) is grey and belongs to a lamination with
uncorroded edge in the "c" areas (see Figure 1).

Zones

of red iron oxide corroded edges are also apparent (top
of photograph).

IT. BACKGROUND AND THEORY

A.

The Manufacturing Process
A flow diagram of the manufacturing process is shown in Figure 4.

The laminations are cut from a single strip of high silicon steel "coil
stock" (Table 1 shows the specifications of the high silicon steel), and
they become oil coated during the cutting process.

A natural gas oven

with fan circulation is used for burning oil off by heating at approximately
900°F for about one hour.

This heat treatment may also relieve stress

built up by the cutting process (Anonymous, 1964).
riveted together to make a baked armature.

The laminations are

The composite face is then

ground to get rid of any corrosive materials and rust, and the armature
is sprayed with an alkaline

WI

11) solution to clean the surface.

Zinc

phosphate (0.001-0.002 inch thickness) is then coated at 180°F to assure
adhesiveness for the chromatizing process, which follows.

A rinse with

water then produces the finished armatures.

After the oven step, the surface appearance of baked laminations is
different from batch to batch.

The appearance varies through shades of

shiny black coating on the surface, red-colored oxide
color resembling that of the original coil stock.

0 ) and a grey
(Fe2 3'

In most batches there

are laminations with a streaked appearance, as if the oil has been trapped
in places between strips in the oven and not been completely burned off.

8

9

Figure 4.

Flow diagram of the manufacturing process.
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HIGHHSI STEEL "COIL STOCK"
i CUT
LAMINATIONS (OILY FROM THE PROCESS)
BAKE IN AN OVEN TO BURN OFF OIL AT
900°F, 1 HOUR
BAKED LAMINATIONS
RIVETED TOGETHER
BAKED ARMATURE
GRIND
SPRAY OUT AND

CLEAN WITH ALKALI (PH 1])

RINSE WITH WATER
COAT

FROM 7N3(Pflb)9

SOLUTION AT 180°F (0,001-0,002 Ir0

RINSE WITH WATER
CHROMATIZE THE GROUND SURFACE
RINSE WITH WATER
FINISHED ARMATURE
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TABLE 1
SPECIFICATIONS OF THF HIGH-Si SILEL
Si
MN
TENSILE STREWTH
DENSITY

2.0-2.75%
.457
.057
77,010 PSI
0.27F u/IN3
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B.

Experimental Approaches
Several tests on uncorroded and corroded samples were performed,

emission spectroscopy, X-ray diffraction, reaction with acid, and heat
treatment.
1. Emission Spectroscopy
Emission spectroscopy is a method for both qualitative and quantitive
analysis of metals (Skoog and West, 1971), permitting simultaneous detection
of many elements.

Some 70 different elements can be detected by brief

excitation of a few milligrams of sample, which requires little or no
preliminary treatment.

Detection limits lie between the parts per million

and parts per billion range (Strobel, 1973).

The method depends on the

characterization of the wavelengths and the intensities of radiation
produced by gaseous atoms or molecules, which when thermally or electrically
excited emit highly characteristic radiations in the ultraviolet and
visible regions (Burk, 1946).
2. X-ray Diffraction
As will be illustrated in this work, X-ray diffraction is a powerful
means of identifying an unknown crystalline material, and within certain
limits, it provides a way of investigating the crystallography of the
material's surface (Pecsok et al., 1976).

The phenomenon of X-ray

diffraction results from a scattering process in which the X-rays are
scattered by the electrons of the atoms without change in wavelength.

A

diffracted beam is produced by such scattering only when certain geometrical
conditions are satisfied.

The resulting diffraction pattern of a crystal,

comprising both the positions and intensities of the diffraction effects,
is a fundamental physical property of the substance (Klug, 1954).

13

3. Reaction with Acid
Reaction with acid provides a means to study the chemical properties
of material located on a surface.

Non-crystalline films, like the oil

residues in this project, cannot be detected by X-ray diffraction, but
may react with acid in a characteristic manner.

Since surface films play

an important part in controlling the rate and distribution of the reaction
(Speller, 1963), the appearance and rate of reaction may provide information
on corrosion resistance properties of the surfaces.
4. Heat Treatment Experiments
Heat treatment experiments provide a means to duplicate conditions
that occur during fluctuations in the factory oven operation.

Basically

all heat treatments are dependent upon three primary factors--time,
temperature, and atmosphere (Anonymous, 1962).

The element of time

involves the rate at which the steel is heated up to the temperature at
which oil is burned off.

The effects of furnace atmosphere are primarily

confined to the surface.

There are three types of atmospheres:

a. Oxidizing - when there is more air or oxygen than is
needed to burn all the fuel - an excess of oxygen.
b. Reducing - when there is not enough air to completely
burn all the fuel - an excess of fuel.
c. Neutral - a theoretical condition when there is just
enough air and fuel for complete combustion.

C.

Theory of Corrosion
Corrosion is the deterioration of materials through chemical or

electrochemical attack.

More materials are damaged by corrosion than

in any other way (Seabright and Fabien, 1963).

It has been estimated

14

that in 1965 about one-third of the total output of metal was eliminated
from technical consumption because of corrosion, and only about two-thirds
of the corroded metal was being recovered by remelting the scrap
;Tomashov, 1966).

Hence, roughly about 10% of metal output was completely

lost due to the destructive action of corrosion.

Depending on the mechanism of the corrosion process, there are two
general types of corrosion:

chemical and electrochemical (Uhlig, 1969).

Chemical corrosion follows the basic laws of the kinetics of
heterogeneous reactions and refers to cases of corrosion that are not
accompanied by generation of electric current.

Electrochemical corrosion is based on the laws of electrochemical
kinetics and generally refers to cases of corrosion with possible
generation of electric current.

The corrosion attack can take many different forms, and corrosion
resistance can change rapidly with just a small change in the environment.
According to the condition of the corroded material, thirteen cases of
corrosion have been described (Seabright and Fabien, 1963).

Many of these

cases involve some kind of stress together with either chemical or electrochemical corrosion.
1. Caustic Embrittlement
Caustic embrittlement is a form of stress corrosion that occurs when
mild steel is highly stressed in tension near or beyond the elastic limit
and exposed to hot concentrated alkaline or nitrate solutions.

It usually

occurs in the form of intergranular cracks and is often found in pressure
vessels and heat exchangers at rivets and crevices where stresses are high
and concentrated solutions accumulate (Uhlig, 1963).
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2. Cavitation Erosion
Cavitation erosion is caused by the collapse of bubbles and cavities
within a liquid that accumulate on the metal's surface.
action of cavitation causes materials to erode.

The mechanical

Erosion is characterized

by deep pits, depressions, and pock marks (Seabright and Fabien, 1963).
3. Corrosion Fatigue
Corrosion fatigue is a cracking of metal resulting from the combined
action of a corrosive environment and repeated or alternate stress.
Accumulations of corrosion products and pits act as starting points for
fatigue cracts (Uhlig, 1963).
4. Crevice Corrosion
Crevice corrosion is a localized corrosion resulting from the crevices
that are formed between a metal and a nonmetal, or between two metal
surfaces.

Accelerated corrosion can occur from either excess oxygen

concentration which causes direct attack, or from a deficiency of oxygen
which can cause corrosion through differential aeration (Seabright and
Fabien, 1963).
5. Dezincification
Dezincification is a corrosion in which zinc is lost from an alloy.
It occurs with copper-zinc (brass) alloys containing more than 15% zinc
when they are used in contact with water having a high content of oxygen
and carbon dioxide (Seabright and Fabien, 1963).
6. Direct Attack
Direct attack is a chemical attack on material due to the chemical
reaction of metal with a corrosive medium (Tomashov, 1966).

In this

project oxygen in an oven appears to attack the high silicon steel
surface directly.

16

7. Erosion Corrosion
Erosion corrosion is caused by the direct mechanical action of
gases, liquids or solids on the surface of a metal.

It usually occurs

during turbulent flow at high velocities (Tomashov, 1966).
8. Fretting Corrosion
Fretting corrosion is produced by vibration which results in striking
or rubbing at the interface of highly loaded surfaces.

This action,

combined with some slipping, opens up unprotected spots of activated
metal which are susceptible to pitting.

It is from such pits that fatigue

cracks eventually nucleate (Uhlig, 1963).
9. Galvanic Corrosion
Galvanic corrosion is electrochemical corrosion that occurs when
two dissimilar metals are coupled together in the same corroding medium
or electrolyte (Tomashov, 1966).

In this proiect such a cell appears to

be set up between uncorroded and partially-corroded laminations if they
are riveted side by side in an armature.
10. Graphitization
Graphitization is corrosion of grey cast iron in which the metallic
iron constituent is converted into corrosion products, leaving the graphite
intact (Seabright and Fabien, 1963).
11. Hydrogen Embrittlement
Hydrogen embrittlement is a form of surface or structural damage
that occurs as a result of gaseous hydrogen.

Vhen the hydrogen is trapped

in voids or cracks, its pressure builds up until it exceeds the yield
strength of the metal, thereby causing cracks and reducing the strength
and ductility of the metal (Uhlig, 1963).
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12. Intergranular Corrosion
Intergranular corrosion occurs at grain boundaries of a metal or
alloy when they are improperly heat treated or welded (Seabright and
Fabien, 1963)
13. Stress Corrosion
Stress corrosion is the deterioration that occurs when an internally
or externally stressed metal is exposed to a corrosive environment.
usually occurs in the form of localized cracks.

It .

The magnitude of stress

necessary to cause failure depends on the structure of the base metal
and the corrosive medium (Scully, 1975).

III. MATERIALS AND METHODS

A.

Materials
Three corroded armatures were provided by David Stewart of the

Quality Control Department, Cutler-Hammer, in Summer, 1979.

One of

these was completely finished, but the other two were baked armatures,
with unground, uncoated surfaces.

They were taken apart into lamination

strips in the Ogden College Shop.

One baked armature already showed red

oxide on the sides and edges of all its laminations.

The other had

maximum corrosion at areas near to neighboring uncorroded laminations
(Figure 2a).

The finished armature had corrosion in some areas and not

others, but without well-defined boundaries (Figure 3).

The heat treatment samples were laminations taken just after the
cutting process at the Cutler-Hammer plant in April 1980.

The experiment

without air flow was also performed on pieces of coil stock first dipped
into cutting machine oil.

B.

Methods
1. Emission Spectroscopy
Emission spectroscopy was performed by using a Spectrographic Analyzer

manufactured by Applied Research Laboratories Inc., Model Nos. 26100-1
and 26400-19.

Surface samples were taken from the lamination edges by

scraping with a knife.

Samples serving as electrodes themselves burned

inward within seconds to provide spectra of the interior.

18

The emission
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spectrum was photographically recorded for elements in the surface and
in the interior of both corroded and uncorroded laminations.

Films

were compared in a reference spectrum comparator manufactured by
Applied Research Laboratories Inc., Model No. 26500.
2. X-ray Diffraction
A General Electric XRD powder camera was used to obtain the
diffraction patterns.

Figure 5 shows its main features (Anonymous, 1966).

The X-ray tube employed has a molybdenum target, and the radiation
consists of characteristic K
upon the continuous spectrum.
of the K

and K X-rays of molybdenum superimposed
a
A 0.1 mm filter of zirconium absorbs most

radiation (Figure 5, K

filter), and the X-rays penetrating the

sample have a large number of molybdenum K1 X-rays, which are essentially
monochromatic (A = 0.71070 A°).

TJhen a set of planes make the correct

angle 0, constructive interference will occur with a cone of X-rays
emerging at 26 with respect to the undeviated transmitted beam.

At the

angles for constructive interference the film will become exposed.

If

R is the radius of the camera and S is the distance between the lines on the
exposed film, it is evident from Figure 5 that:

R • 46(in radian) = S.

By knowing A, R, and the Bragg relation (Azaroff and Buerger, 1958)
nX = 2d sine and by measuring S, we may determine d for each line.
For first order (n=1) d

A
2sin S

•

ea)
For each cone of diffracted K X-rays there is a particular S value
a
and hence a d spacing.

After determining the successive d spacings, and

ordering them in a descending magnitude, the unknown is determined by
referring to the Fink Indexes in the Kwic Guide to the Powder Diffraction
File (Anonymous, 1966).

Densitometric measurements of the film provide

intensities for confirming the identification by comparison with standard
intensities also in the Guide.

20

Figure 5.

General Electric X-ray Diffraction Apparatus
'(see text)
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In an initial attempt X-rays transmitted through a lamination
were not detected, so further runs were performed with reflected rays.
Two samples each of corroded and uncorroded strips were exposed to
X-rays (45 KVP, 30 Ma, 3 hours), and the diffraction patters recorded
on films.

The distances between the lines were measured and calculations

where A is the
were then performed by using the formula d = 2sin S
ZO
(
wavelength of molybdenum Ku X-rays = 0.71070 A° an 'Ris the radius of
the camera = 71.6 mm.

Intensities were measured with a densitometer.

3. Reaction with Acid
Both corroded and uncorroded samples were immersed in 0.1N hydrochloric
acid solution at room temperature for 24 hours to study the differences in
surface reaction.

An additional corroded lamination with dark black sides

was left in the acid solution for 30 days.
4. Heat Treatment Experiments
Oil-coated laminations were taken from the production line after
cutting, but before the oven process (Figure 4), baked in a Lindberg
Heavy Duty electrical oven, and inspected visually for changes in surface
appearance.
(Fe203).

A red granular appearance was interpreted as red iron oxide

A black corrosion of similar texture was considered to be black

iron oxide (Fe304).

This was easily distinguished from the black shiny

film of oil residue observed on other samples.

Temperatures used were

700°F, 900°F, and 1100°F for 5, 10, 15, 30, 60, 90, and 120 minutes.

Samples were baked at all three temperatures under compressed air
flow, and another set of samples was baked at 900°F without air flow.
In addition, some pieces of unprocessed coil stock (Figure 3) were dipped
into cutting-machine oil and baked at 900°F without air flow.

Some oil-

coated laminations were treated with trichlorethylene to remove the oil.
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The treatment, repeated three times with fresh solvent, consisted of
heating in trichlorethylene, holding at its boiling point (80°C = 180°F)
for five minutes, removal, and drying with paper towels.

These solvent-

treated samples were baked at 900°F for the time durations above.

IV. RESULTS

A.

Emission Spectroscopy
Elements in the surface and interior of both corroded and uncorroded

samples were compared by emission spectroscopy.

The results are shown

in Table 2 and may be interpreted as follows:
1. Fe, Si, Mn, which are elements in the coil stock specifications,
were present in both corroded and uncorroded samples.
2. Al, Pb, Ni, W were also found in both strips.

These elements

were more abundant in the surface than in the interior of the
laminations.
3. Li and Mg were found only in the surface of corroded samples.

Thus, emission spectroscopy revealed no great differences in the
content of minor constituents, although some elements (Li and Mg) were
present in traces only in the surface of corroded samples.

B.

X-ray Diffraction
Diffraction pattern films for duplicate samples gave similar

measurements, and the better exposure was chosen for analysis in each
case.

The d spacings of corroded and uncorroded samples were calculated,

and then compared to the Fink indexes in the Kwic Guide to the Powder
Diffraction File (Anonymous, 1966).

The data are shown in Tables 3 and 4.

The corroded sample had d spacings of 2.02, 1.44, 1.14, 0.99, 0.89.
The Fink indexes for the body-centered cubic structure of iron are 2.03,
1.43, 1.17, 1.01, .91 (Anonymous, 1966).
24
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TABLE 2
PESULTS oF rvissn srEcTPTPAPHic im_Ysis OF LIVTIATIONF
UNCORRODED

CORRODE)
SURFACE

IINTER IOP

SURFACE

INTERIOR

FE

6

6

6

Si

.>r

6
5

r

..)r

MN

Li

I

14

Li

AL

3

2

3

PB

2

1

2

2
1

WI

2

1

2

1

Li

?

1

1

1

MG

2

1

1

W

2

1
1

2

1

ELEMENTS

KEY:
1, ABSENT
2. SMALL TRACE
, LARGE TRACE

14, SMALL miroD
LARGE MI NOP
6, ',Amor?
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TABLE 3
D

SPACINGS AND INTENSITIES

OF

THE X-RAY DIFFRACTICT

PATTERN FOR THE COPPOITT SAMPLE

-----------rx===...

•

FINK INDEXES (ANoNymous, 1966)
FE (BCC)

EXPEPIMENTAL
I

(RI)

D

(RI)

2,02

1,2

(100)

2,03

ano)

1.44

0.6

(50)

1.4.3

(20)

1,14

0,6

(50)

1.17

(30)

.99

0.2

(16,7)

1.01

(10)

.89

0,1

(8.3)

.91

(.2)

D

NOTE: FOR CALCULATION OF "D" SPACINGS SEE MATERIALS

AND Mh•HODS,

INTENSITIES APE METER READIMPS ON THE DENSITOMETFP
ABBREVIATIONS:

D

"D" SPACINGS

I

INTENSITY

RI

RELATIVE INTENSITY

BCC

PODY-CENTERED CUBIC

CORRECTION

--*- wiir
PRECEDING IMAGE HAS BEEN
REFILMED
TO ASSURE LEGIBILITY OR TO
CORRECT A POSSIBLE ERROR
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TABLE 4
D SPACINGS i\it INrIFIVITIEF OF THE X-PAY DIFFRACTION

PATTERN F0P THE (INCDPRODED SITIPLE
--_-_-_

--

PINK INDEXES
EXPERIMENTAL
(PI)

FE (BCC)

csI OXIDE

FF71

D (PI)

D (PI)

D (RI)

D

I

1.57

0.4

3,79

0,8

2,94

0,3

2,44

0,1

2,28

0,2

1,97

1.1

1,86

0.2

1,73

0.1

1,63

0,2

1,58

0,3

1,49

0,1

1,44

0,1

1,40

0,5

(45,5)

1,43 (20)

1,14

0,6

(54,5)

1,17 (30)

0.99

0,2

(18,2)

1,01 (10)

n,R9

0,?

(18,2)

,91 (.2)

342 (100)

(100)

UNKNOWN

3,37 (100)

2,03 (100)
1,85 (911)

1,63 (70)
1,57 (2P)
1,49 (5)

MOTE: FOP CALCULATION

OF "fl"

SPACINGS SEE MATERIALS AND METHODS,

INTENSITIES ARE MEIER PEADINCS ON THE DENSITOMETER,
ABBREVIATIONS:

D

"D" SPACINGS
INTENSITY

RI

RELATIVE INTENSiTY

BCC

BODY-CENTERED CUBIC
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The uncorroded sample had a more complex structure than that of
the corroded sample.

These spacings were 6.57, 3.39, 2.94, 2.44, 2.28,

1.36, 1.73, 1.63, 1.58, 1.49, 1.44.

From the Fink indexes, it seemed

to have a mixture of silicon oxide (3.42, 1.85, 1.57) and iron carbide
(3.37, 1.63, 1.49).

The spacings 6.57, 2.94, 2.44, 2.28, 1.73, 1.44 do

not obviously correspond to any iron or silicon structure in the Guide
(Anonymous, 1966).

C.

Reaction with Acid
Corroded and uncorroded samples were photographed before and after

immersion in 0.1N hydrochloric acid at room temperature for 24 hours
(Figure 6).

An additional corroded lamination with very black sides was

immersed for 30 days (Figure 7).

Surface reactions of both corroded and uncorroded samples varied
according to the appearance of surface coatings developed during the
manufacturing process.
entire side surfaces.

The corroded samples reacted uniformly over the
This surface reaction tended to occur under the

black film which, as mentioned in the introduction, coated the sides of
corroded laminations.

This film soaked loose and came off with gentle

rubbing after removal from the acid Lo reveal corrosion on the surface
beneath (Figure 7).

The uncorroded sample reacted with acid in just

some areas of the surface (Figure 6).

D.

Heat Treatment Experiment
Table 5 shows changes in appearance of various sample surfaces due

to heat treatment at different times, temperatures, and atmospheric
conditions.

Table 6 is a summary of the key results.
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Figure 6.

Laminations from a dismantled armature before

and after reaction with 0.1N hydrochloric acid for
24 hours.

Top to bottom:

Uncorroded lamination before acid reaction.

Color of

sides is grey.
Uncorroded lamination after acid reaction.

Corrosion

has occurred just in some areas.
Corroded lamination before acid reaction.

A shiny

black film covers the side surface.
Corroded lamination after acid reaction and rubbing
to remove black film.

Corrosion, which developed

uniformly beneath the film, can now be seen.
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Figure 7.

Acid reaction of a dark black film-coated,

corroded lamination.

Some of the film has been rubbed

off to reveal uniform corrosion underneath.
was in 0.1N hydrochloric acid for 30 days.

Acid reaction
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1. Under Air Flow (A more oxidizing atmosphere)
At m a r the color changed to blue and then back to grey as the
time increased and the oil was burned off.

At 120 minutes the color

seemed to be about the same as before heat treatment.

At 900°F, for samples untreated with solvent, the surface started
to develop red iron oxide (probably Fe 03) at about 60 minutes and became
2
more blackish red as the time increased.

Solvent-treated samples behaved

similarly, but the red color was most developed at 90 minutes, rather
than 60 minutes.

At 1100°F the surface started to develop black iron oxide (probably
Fe 0 ) at about 60 minutes and became more black as the time increased.
3 4
2. Without Air Flow (A more reducing atmosphere)
At 900°F the surface started to develop a black film at about
30 minutes, which became more black as the time increased.

Results were

the same for laminations from the production line and for oil-dipped
pieces of coil stock.

DO

90

03

30

1C

10

GREY

BLUE ON BOTH SIDES

I

BLUE ON ONE SIDE;
THE OTHER IS BROWN
DUE TO INCOMPLETE
COMBUSTIoN OF OIL

t

GREY

0

5

700°F

TIME

BLACKISH RED

RED ON
BOTH SIDES

ON
BOTH SIDES

BLACKISH RED

RED

DARK BLUE

1r

BLUE ON
BOTH SIDE

BLACK

I

PLACKISH RED

t

1

t
BLUE

GREY

1100°F

GREY

900°F (SoLVENT TREATED)

IER HEAT TPEPINFTIT

GREY

900°F

WITH AIP FLOW

TRFACE PPPEAPPITE

TfTLF 5

BLACK FILM

BLACK FILM

BLACK FILM

GPEY

900°F

WITHOUT AIR FLOW
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TABLE 6
!'1.1\VARY if PEAT TPEATITNT DTFPITITS
SE TABLE 5 FOR DETAILS
OXIDIZING_EMOSPHERE
OIL-COATEL

No HEAT
TREATMENT

GREY

700°F

OV
AT I2U MIN,

TO°F

RED

1100°F

IRON QXIDE
FORMED AT b0 MIN.
BLACK IRON QXIDE
FORMED AT 01 MIN,

SOLVENT-TREATED
GREY

RED IRON OUDE
FORMED AT JI MIN.

REDUCING (IIMOSPHERE
OIL-COArED
GREY

BLACK FRP OF
OIL RE§J,DUE
UP TO Uti MIN,

SOLVENT-TREATED
GREY

U. DISCUSSION

A. Iron Oxides
The ratio of oxygen atoms to iron atoms is 3:2 in red oxide, Fe 03.
but only 4:3 in black oxide,

Fe304.

Thus, an excess of oxygen might be

expected to drive reactions toward red oxide production.
equilibrium mixtures do show a transition from

Fe304

Data from

to Fe2O3 starting

at an oxygen level of 577 (Scully, 1975).

There is a third iron oxide, FeO, which is formed at high temperature
for oxygen levels below 527.

Steel surfaces about 700°C (1292°F) are

coated with layers of all three oxides.
the following ratio:
(Paidassi, 1958).

The layers have thickness in

from inward to outward, Fe0:Fe 0 :Fe 0 ::100:5:1
3 4
2 3

FeO decomposes as the surface cools below 570°C

(1058°F) (Scully, 1975).

The heat treatment results reported here show preferential formation
of black iron oxide (probably Fe304) at 1100°F for 60 minutes and red iron
oxide (probably Fe203) at 900°F for about the same time (Tables 5 and 6).
An additional observation in this work is that black oxide succeeds red
oxide as an outermost layer, for times greater than 60-90 minutes especially
at 900°F.

The Cutler-Hammer process uses 900°F for 60 minutes, and so if

the oven settings are correct, may be encouraging optimal corrosion by
red oxide before the laminations even leave the oven.
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B.

Corrosion of the Armatures
The heat treatment results show that oxygen in an oven atmosphere

can carry out direct chemical attack on the lamination surfaces to form
iron oxides.

After a heat treatment, corrosion could develop further by

other reactions or mechanisms.

For example, in the factory, the somewhat

corroded baked laminations could react with salts in wash solutions later
in the manufacturing process (Figure 3).

Such reactions might account

for the Li and Mg found by emission spectroscopy only on the edge surface
of a corroded lamination (Table 2).

Also, after the armature is riveted

together, galvanic corrosion may occur and produce the sharp boundaries
observed between corroded and uncorroded regions of some armature faces
(Figure 2a).

Perhaps a cell is set up between somewhat corroded and

uncorroded laminations, and corrosion progresses electrochemically.

In the factory process the heat treatment may be responsible for
non-uniformity of corrosion.

During controlled oven experiments, the

color of the laminations varied with temperature, treatment time, and
atmospheric condition (Tables 5 and 6).

Under air flow, a more oxidizing

atmosphere, formation of red iron oxide (Fe 0 ) was at a maximum for 900°F,
2 3
60 minutes.

At 1100°F, 60 minutes, the laminations tended to form a

black iron oxide (Fe 0 ) which is more resistance to further corrosion
3 4
(Scully, 1975).

lathout air flow, a more reducing condition, the laminations

tended to have a black film of oil residue on the surface due to incomplete
combustion (Anonymous, 1962).

This seems to be the same kind of black

film coating the sides of corroded laminations removed from armatures.
Although this film may afford some temporary protection, it was lifted
off the surface by 0.1N hydrochloric acid after a 24 hour immersion,
revealing corrosion beneath the film (Figure 6).
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Iron carbide (Fe C) that was found on the uncorroded sample by
3
X-ray diffraction could come from heat treatment at higher temperature.
From an iron-carbon equilibrium diagram (Greiner et al., 1933) iron
carbide is precipitated at temperatures higher than 1200°F when carbon
is present in concentrations greater than 0.02%.

In addition to Fe3C, X-ray diffraction showed silicon oxide and other
coatings on the surface of an uncorroded lamination, and their presence
along with that of

Fe304

may account for the incompleteness of reaction

with 0.1N hydrochloric acid of uncorroded laminations as compared to
corroded samples.

The resistant coatings may not be uniform over the

surface of the uncorroded sample.

These protective coatings on the uncorroded laminations could have
developed during the factory heat treatment process.

If the oven happened

to reach higher temperature or if the process lasted longer than usual,
Fe 0 and Fe C formation would be encouraged, and the batch of laminations
3
3 4
would tend not to corrode.

A more usual batch would be heated to 900°F

for 60 minutes, the optimum for

Fe203

corrosion, according to these results.

Now if laminations from these two batches are riveted together, local electrochemical action may take the corrosion still further, giving the uneven
result observed (Figures 2 and 3).

C.

Possible Remedies
1. Reduce the temperature to 700°F and use a longer heat treatment time

(say 120 minutes) with an oxidizing atmosphere (circulating fan).

Under

these conditions, the appearance tends to come out similar to that of the
coil stock. The laminations do not have any red or black oxide on the
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surfaces, and the oil is completely burned off.

Although protective

carbide and oxide coatings probably would not form, the baked laminations
would at least be uniform and uncorroded.
2. Reduce oxygen concentration in the air to a minimum necessary for
complete combustion of the oil coating.

Iron oxides formation would thus

be inhibited (Scully, 1975).
3. Use solvents (trichlorethylene or Freon 113) to dissolve the oil
off the surface by a vapor degreasing process (Byrne, 1980) before the
heat treatment process, or instead.

If the heat treatment is omitted,

however, stress may become a problem (see Section IB).

D.

For Further Research
In this work, different colors of iron oxides were found depending

on time, temperature, and atmospheric conditions in a heat treatment.
These oxides need to be chemically identified.

Paidassi (1958) used a

microscope to study surface layers of iron oxides and distinguished them
visually.

As shown in this work, X-ray diffraction can be deployed to

identify compounds on the surface of a metal.

Also, routine color tests

for Fe (II) and Fe (III) may perhaps be adapted for use with surface
coatings.

More definite identification of these oxides would increase

general understanding of oxidation on heat-treated steel surfaces.

It would also be important to study resistance to further corrosion
and alteration in mechanical properties for heat-treated high-silicon
steel.

Together with the results presented here, this information would

help manufacturers to select the best conditions for their products.
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